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PREFACE  . 


Tke  object  of  tMs  thesis  is  to  find 
a  a»tisfactory  method  of  determining  the 
Ratio  and  Angle  Errors  of   a  Current  or 
Series  Transformers  and  of  using  this 
method  to  make  a  complete  test  on  one 
type  of  transformer. 
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INTROroCTION. 

A  Current  Transformer  ia  used  in  A.  0. 
circuits  for  ttie  sacie  purpose  that  &  sliunt 
is  used  in  D.  C.  circuits;  is,  to  keep  large 
leads  and  high  potentials  from  the  switch- 
board. With  large  currents  the  size  of  the 
conductors  often  makes  the  expense  of  run- 
ning thee  to  the  switchboard  excessive.  In 
This  c&se  a  current  transformer  la  pl&oed 
with  its  prtwaary  in  the  main  circuit  and  its 
seoondry  connected  to  the  instrucent  leads 
froni  the  switchboard.  The  oecondry  is  gen- 
erally designed  for  a  maximum  of  fire  amp- 
eres and  a  number  14  B  &  S  wire  is  all  that 
is  necessary  to  carry  this  current  thus 
saring  considerable  expense  in  copper.  In 
high  potential  plants  the  current  transfor- 
mer protects  ine   switchboard  and  attendants 
from  the  danger  of  grounds*  One  side  of  the 
seoondry  is  grounded  and  if  the  other  side 
becomes  grounded  on  the  switchboard  thare 
can  never  be  a  potential  much  in  excess  of 
50  volts.  A  higher  potential  on  the  sec- 
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cmAry  is  only  possible  when  it  becomes  open 
circuited,  wjaen  it  may  become  several  tiious- 
and  volts, 

TiiO  series  triwrmforcier,  not  consiaering 
its  design,  aiffera  from  the  aixunt  transfor- 
mer merely  in  its  metiioa  of  use,  ^ith  the 
shunt  tranafonner  the  primary  is  oonnected 
diradtly  across  the  mains  tri  d  the  load 
y&ried  by  varying  the  total  impedi&nce  ©f 
the  socondry  circuit,  its  object  being  to 
step  down  the  voltage  of  transmission  to 
that  of  use.  ^ith  tiie  aeries  transfonaier 
the  primciBy  is  connected  in  series  i«ith  the 
mains.  Its  total  aecondry  impeaiance  is 
constant ,( consisting  of  ammeters,  Wbttmeters, 
relays  wr»d  leads)  md  tne  loaa  is  vturiett  by 
varying  the  current  in  the  primary ,  Thus  it 
Is  seen  that  ti^e  actual  ratio  of, and  angle 
between  the  primary  ana  seconury  currents 
in  the  shunt  transfoi-mer  is  of  little  import- 
ance; while  with  the  series,  in  order  that 
the  instruments  give  a  true  indication  of 
the  power  they  are  of  the  greatest  iinpoi*t- 
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anoe. 

For  use  with  un   an-onetor  it  is  dosirable 
for  the  stscondry  current  to  be  directly  pro- 
portional to  the  prlitiary,  &.na  for  U8©  with 
tk   wattmeter  it  ia  further  neoeasury  that  the 
priroarj'  unci  secontiry  currents  be  ika   nearly 
as  possible  to  180°  apart  bnd  in  time  phase. 
If  tiiS  core  loss  current  and  the  exciting 
current  could  be  reaucea  to  zero  in  a  cur- 
rent tranafonner  it  would  be  perfectly  accur- 
ate s.a  fcjr   us  angle  error  ii*  concernea,  A 
change  in  the  rssifitanco  or  impediance  of 
the  Guconary  circuit  changes  these  curronts, 
therefore  Ihe   seconury  circuito  shouiid  nave 
a  miniBQiim  poeaibie  impedianca.  The  exciting 
current  and  iron  1ob«  current  can  aloo  be 
reduced  by  using  a.  core  with  a  high  permea- 
bility and  lOTif  iron  loss. 


PESCPIPTION. 

of 

TRANSFORMER  TESTED, 


DESCRIPTION  OF  TRANSFORMER  TESTED. 


CURRISNT  TRANSFORMER . 

No.  184?.  38 

Spec.  No  8516    T3T>e  S 

Form  K    Cy^-^les  i  b/li^b 

Watts  40 

Normal  load  1000  A^np, 

iO   rnin,  loeui  1500  Amp. 

Ratio  300  to  1. 
For  6600  volt  circuit. 
GUnTERAL  ELECTRIC  CO. 
Sciinectady,  N.Y.  U.S.A. 


The  transformer  tested  is  siao*n  on  Plate 
II.  The  primary  consists  of  a  round  copper 
bar  1  l/8«  in  diameter.  There  is  then  a 
li^yer  of  3/8/  tape.  The  inside  secondry 
windings  then  take  up  3/8"  and  there  is  then 
a  l/l6«  of  tape.  The  core  is  next  and  con- 
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aists  of  rings  of  iron  Icjiiinations    .Ol'Sb^ 
thick  witii  evn  inside  diamoter  of  2  6/4,^'  and 
outoicie  of  4  3/4",     Then  there  is  u  l/l6" 
tape  <*nd.  then  the  socondry  windings     and 
finally  l/4"   tape.     The  total   diairseter     is 
thus  5   1/4^,      The  length  of  tno  laminated 
core   is  2  1/8"   with   7/16''  tape  and  paper 
insulation   on   each  end,  rnakinc  a  total      of 
3"  ,     The  secondtiry  windings  ttre  of  #16  B  & 
g  wire  and  had  a  rSsistance  of  .078  ohnns. 


METHOD     OF  PROCKKJRE 


METHOr^  OF  PROCEDORE 

A  Boix&tce   of  tile  coniieetions  ia  shown  on 
Plute  I.  A  tiiree  pJaase,  squirrel  cage,  in- 
duction Biotor  with  its  secondary  open  and 
coxmectea  to  slip  rings  was  used  as  a  phase 
shifter  and  the  rotor  was  blocked  so  that 
it  could  toe  shifted  at  will,  A  high  curr- 
rent  trariaformer  of  sufficient  carrying  ca- 
pacity was  not  available,  so  two  series 
tranafonners  of  the  san.e  cai)acity  as  the  one 
testei  were  connected  in  series  to  supply 
the  large  primary  current.  The  load  was 
variea  by  Bicans  of  the  lacip  rack  aho'wi  in 
the  secondary  circuit;  and  the  current  in 
the  secondary  of  the  dynamometer  was  kept 
at  about  three  aniperes  by  means  of  the  lanip 
rack  in  its  circuit .  A  mercury  auimet  jr  was 
placea  in  tne  i)rimary  circuit  to  obli^in  the 
prin.aiy  cmrrent, 

Thu  secondary  circuita  usyd  v/erc  as  near 
as  possible  tn4se  that  would  be  used  in 
practice,  with  the  exception  of  Circuit  f5 

-  i;:  - 
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which  conaiats  of  a  high  inauctance. 

Berore  conneotiriij  up,  tiia  instruments 
were  all  cjallbrated  and  calibration  curveo 
plotted,  froii  which  the  true  values  ware  ob- 
tained. To  ao  this  tiiC  aynaxnoineter  was  cal- 
ibrated ao  an  aamieter,  on  direct  current, 
and  as  the  two  coils  were  ccnnectea  In  aeries 
the  value  of  the  cosine  wtis  one  and  I,  equ^^ls 
I^t  therefore  D  -   El^ .  The  Vi^lueo  of  i:  for 
different  aeflections  were  plotted  so  that 
these  values  souid  be  taKen  off.  The  ac- 
meters  were  tr.en  connected  in  series  with 
the  dynair.OEietcr  and  calibBatea  en  alter- 
nating current. 

The  resistances  of  the  secondary  circuits 
tested  were  obtained  by  meiuis  of  a  Theat stone 
Bridge,  The  iBiiiediance** 
of  the  secondary  circuittj 
were  obtained  by  passing 
a  sine  wave  of  current 
through  theai  ana  measuring 
the  curi-ent  iuia  drop  uc- 
croes  therri ,  The  sine  wave 
was  obtained  by  balancing 
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inductaiiCss   ujio.  coadensero   iigain.3t   one 
another     as  ahcwn  in  Fl^.   i»     '^^^   csoil- 
ograph  w&o  used  to  tell     whan  a  sine  wave 
was   obtained.  Tta  drop  acrosti  tiie   ciircr.it 
wao     n^eaaureu  by  a  hot  wira  anin.eter  cali- 
brated  ag  a  voltn-.ater. 

On  Pap:e  1)0.   Is  ^iven   in  tabxilated   form 
a  description  of  tha  secondiury     circuits 
used     and     a-lso  a  list   of  tha   ir.strunanta 
uaea. 

A  load   aas  first    placed  upon  the  tra:;sfor- 
n:8r  to  be  teoted  by  varyinr.  tha  currant     in 
tna  aeconaiiC/'     of     tii3  othjr  transf cruaers. 
The   switch   was  then     thrown  ao  au  to  pluce 
tii'j  novinr   ocll   of  the  aynarcoE-at or  ucroja 
the  shunt   and  the   rh-.3e  ahifter   .sao  buli^^ced 
till  there  was  no  deflection  of  ti:e  dynarcom- 
eter  or  the  two  currents  -were  90^  apcrt, 
A  S'Yitch  «ac  connected  acrosD  the  secondary 
of     the     trtinsfomor     to     be  tested  so  t:.at 
while     this     was     being  t^one  tre     terti:inal3 
coulil  be  rtV.ort     cireuiteu     and  thua  i.revent 
an  exceaeive  potential  beinR  inducyd  in  the 
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secondary,  uue  to  the  current  in  tiie  prim- 
ary, and  puncturing  the  insulation.   The 
switch  was  then  thrown,  placing  the  second- 
ary of  the  current  transformer  across  the 
dynamometer,  and  the  deflection  angle  read 
off.  Knowing  the  current  in  the  two  coils 
of  the  dynanometer,  the  constant  was  obtain- 
ed from  the  curve  and  the  angle  calculated. 


CALCUIATIOKS 


CALCOLATIOFS 

Tlie  following  id  the  method  used  for  cal- 
culating,  from  the  experimental  data,  the 
data  used  for  plotting  the  curves.  The  cor- 
rected vtaues  as  obtained  from  the  calibra- 
tion curve  of  the  inotruffiente  were  used  in 
each  case. 

The  ratio  was  obtained  airectly  from  the 
mercuary  ammeter  in  the  primary  circuit  and 
the  ammeter  in  the  secondary  circuit ,  The 
ratio  error  then  is  in  per  cent,-  The  app- 
arent ratio  minus  the  true  ratio  divided  by 
the  true  ratio,  the  whole  multiplied  by  100 

or,- 

App,  R  -  300 

Krror -^-^^.  X  100 

300 

In  obtaining  the  emgle  error 

let  B.  =  primary  E.M.T,  (Pig.  2) 

Cos  6  =  power  factor,  I,  -   prirr 

current ,  B,  -  secondary  current ,  ^,  , 

Then  if  there  was  no  impodiu.nce 

in  the  secondary  circuit  or  no 

iron  or  magnetizing  current  in  the  trc^nsfoi 

mer  I^  would  be  the  secondary  current  and 

-n  - 
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there  .vould  be  no  angla  error;  but ,  owing 
to  txie  above  tiie  secondtury  l&gs  bejaind  l| 
by  t'ne  angle  a  ana  is  represented  by  I,  . 
In  the  primary  the  power  is  Ej^I,co50, 
Assiur.ine  a  one  to  one  ratio  txie  recorded 
power  on  the  secondary  siae  is  ^,l^Qos(Q   +  a) 
but  the  true  power  ie  Sgl  coa©  as  it  is  pro- 
portional to  the  power  on  the  prisriary  siae, 
Tlie  per  cent  error  is  therefore* - 

EoL  coee  -  »pIpCos(©  +  a) 

Krror  =  -=-^ ^-^ X  100 

l^I^cos© 

cos(9  +  a) 
=  (1  -  )  X  100 

coo<* 

To  jet  the  total  error  we  add  the  angle 
and  ratio  error  together.  Now  v»e  will  call 
tliti   error  in  favor  of  the  coueunier  a  pos- 
itive error.  Then  as  a  ia  a  lagging  angle 
its  error  is  ulwaya  in  favor  of  the  cohsumer. 
Also  *hen  the  ratio  error  is  positive  it  is 
in  favor  of  the  consumer,  oo  that  the  alge- 
braic aum  of  the  errors  givas  the  total 
error. 


SAMHLK  CALODLATIONS 
SKample     0ircuit#4 . 

I^   -  3.67  I     =  500  iiJnp. 

Def.   3. OS 

RATIO  ERROR. 

Ratio      =     500/1.654      -     30.7? 

15rror      =   (3o7,7   -  300/300)  X  100  =  -.56  % 

ANGLK  a 

r     =     Klj^IgSina 

K  is  obtained  fronr;  Curve  on  Plate  XXII, 

Sin  .a      =     D/XI^Ii.    -  3.02/3.67  X  1.664  X  £6.84 
-     .0195E 

a  =     1^'   7« 

ANGLE  ERROR. 

P-r     =      .75  e     =     41®  25» 

Cos(9   4   iO 

l^rror     =     (1 )  X  100 

Coa  9 

oa3(4i°25»   ^  l^   7'  ) 

(1    -    )  X  lr>0 

cos  41*^      :  ^ 

.73600 
=      (1 )   X  100        =-  1.75  % 

.75000 

TOTAI,   ERROR      -     l:  .56   +1.75      =     4.31  % 
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LIf?T  OF  CIRCUITS 

#1  #3        m  H         #6 

ilWBotsr                      X  1             £  2               1 

IntegrfttAng  2  £ 

Res.-E'^Oft  1  1 

#14  B  ft  8 

Relay.  1  1 

Reolatancc             .Ol5:'75  ,0665     2.2045  K.7S7£      .134 

Z                                ,165  1,83       2,b0  5.96          18.98 

X                                  .164  1.325     1.90ii  5.il63       18 .9£ 

£                                 .00104  .01175    .01;i85  .03M9      ,1144 


LIST  OF  INSTRUMMTS. 
TlioKpson  Houoton  Aoaoater  (0-5)  #111,755 
Thompson  Houston  AEsmeter   (0-5)  #144,035 
Tboffipson  Houaton  Aem&t&r  (0-2 )  #14;  ,640 
ThoBipson  Houston  AHsr.eter   (0)10)  #140,936 
Mercuary  Aameter   (O-lOOO) 
8ane«u&o  ElectriclRs.  Wattmeter,  Type  F. 
porranti  Inet,  Tattwett^r  #  i'/dii>,320 
General  Electric  Relay, 


TAT/ 


CIRCUIT  #1, 


I^  Def,         E  In         X  Ratio  Sin,  a  a 

5.64  .95  £5,48  100      .SSS  29.78  .03050  1°  45» 

3.67  1.47  85.49  200      .689  29.63  ,02181  1°  15« 

3.64  1.71  S5.48  300  1.031  29.52  .01745  1°      0» 

3.64  2,59  25.48  400  1.359  29.44  ,01658  57 » 
3.63  2,72  25,48  500  1,682  29.45  .01600  55' 
3.66  3.00  25.49  600  2.031  29.26  .01571  54 1 

3.65  4,02  25.48  708  2,380  29.17  .01542  53» 
3.61  7.f9  25,47  1265  4.221  28,73  .01425  49' 
3.61  7.3^  25.47  1440  4.840  28.56  .0136?  47 ♦ 


CIRCUIT  #11 


1^  Def,  K  I  I  F^t.io  f?in,  a  a 

D  Pa 

3,16  .81  25.40  100  #3S5  30.76  .0K690  1^   33» 

3.66  1.4£  ^^5.48  200  •6'?0  ■''0.^'?  .0Li:60  1°  18« 

3.62  a. 01  S5.49  300  1.075  30.44  .0^-032  1^  10* 

15,59  S,31  £5.49  400  1 .3K8  .-^0.54  .0190£  1®     5* 

3.58  a. 65  25.48  500  1.682  30.31  .0190E  1°      5« 

3.55  3.89  25.48  600  1.990  30.30  .01908  1^     5» 

3.51  4.30  £5.47  708  2.315  30.30  .01875  1^     4' 

3,46  7.31  25,47  1.530  4,390  30.^7  .0ia3£  1®     3' 
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•  ,0^ 


no-: 


Oi^,(^A     o^--.%  £ 


iS 


oiRctJiT  mi. 


h 

Dea. 

r 

I 
P 

h 

Ratio 

Fin,   i. 

a. 

3.73 

.45 

25.49 

100 

.315 

30.71 

,03257 

ic   5C' 

3.76 

.80 

r5.49 

1^00 

,674 

30.  r^?^ 

.020SC 

1°  10' 

3.eo 

1.60 

S5.49 

300 

1.000 

30 

.01C58 

57« 

3.73 

1.95 

85,49 

400 

1.335 

89.91 

.01571 

54' 

3,73 

2.51 

F..'i.49 

500 

1.705 

29.89 

.01571 

54' 

3.73 

S.68 

£5.49 

600 

2.(a6 

£9.83 

.01571 

54' 

3.69 

3.6 

ii5,48 

700 

2.361 

29.80 

.01542 

53' 

3.66 

4.34 

B5.48 

826 

ii.8S5 

£9.87 

.01513 

52» 

3.71 

5.6 

25.49 

12^.6 

4.230 

29,65 

.01483 

51' 

3.?0 

7.8 

25,49 

1466 

4  ,950 

89.53 

.01540 

60' 

-  £4 


oiRotnr  #iv. 


lb 

Defl. 

T 

h 

t 

« 

Rati© 

Sis.   a 

& 

3.77 

.61 

25  .49 

100 

.310 

32.20 

.02908 

,« 

40  • 

3.73 

XAO 

25.49 

200 

.6S4 

31. r5 

.023:^^0 

1° 

2L' 

3.67 

1.92 

25.48 

300 

.991 

31.13 

.02041 

1.0 

10' 

3.67 

2.40 

25  .48 

400 

1.32 

30.92 

.01950 

*0 

?» 

3.67 

3.02 

25.48 

500 

l,G64 

30.?7 

.01952 

1® 

7» 

3.66 

3.81 

25.48 

600 

1.970 

30.66 

.01942 

1^ 

7« 

3.65 

4.E0 

25.48 

708 

2,321 

30.  r^  7 

.01934 

1° 

6» 

3.63 

5.00 

25.47 

765 

2.470 

30.52 

.01891 

,  c 

5» 

3.62 

7.21 

25.47 

1208 

3,960 

30.36 

.01691 

lO 

5» 

3.66 

9.2 

C5.46 

1561 

4.43 

30. '3 

.01803 

-,  o 

£» 
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SI 
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CIRCUIT  4'V. 


I,  I>3fl,        K  II  Riitlo  5?in.   a  tt 

^.54  X.05  £5.42  100  .381  3£  ,30  .06461  3°  4F.» 

3.3?  1.61  85.47  800  .648  31.95  ,0421?  C«  £5» 

3,55  3.54  85.4?  300  ,96  31.77  .03?23  'd^  S» 

3,53  3.81  25.47  400  1.863  31.51  .03577  8°  3, 

3.51  6.8?  ^^5,0?  500  1.611  31,49  .03519  2^  1' 

;5,53  6.88  85.47  600  1,930  31,40  .03490  k'S^  0» 

3.97  7.71  85.48  708  8,8fi0  31.33  .034C0  S**  0» 

3,31  P. 9  85.46  758  8.410  31.30  .03461  1^  59» 


0*'\ 


Oir«ttit  ^l. 

AWGL5S  ERRORS, 


^P 

e 

P. 

.9 

P.F. 

1 

P.F. 

.9 

P.F. 

.75 

100 

1^ 

4?.» 

-1 

.44 

.Oi'.- 

1.G6 

E.V5 

£on 

1^ 

15' 

-1 

.04 

.0^-4 

1.07 

2.06 

600 

V 

0' 

- 

.64 

.015 

.65 

1.^7 

400 

h?» 

- 

.00 

.014 

.f:l 

1.49 

SOO 

55» 

- 

.V7 

.015 

,78 

1.44 

600 

54 » 

- 

.76 

.012 

.YV- 

1.41 

?08 

63' 

- 

.74 

.012 

.V5 

1.38 

1^65 

49' 

- 

.69 

.010 

,69 

1.87 

1440 

47» 

_ 

•  6C 

.009 

.66 

1.23 
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I 
p 

( 

Is. 

P,  F. 
-tS 

1 

T.T, 

P.F. 
.75 

100 

jO 

/o' 

-1.^3 

.0.^7 

i.34 

C.43 

200 

■^c 

IP' 

-1.08 

.0^6 

l.li- 

2.04 

<jO'^ 

J  o 

10' 

-  .57 

.021 

1,00 

1,63 

400 

-  c 

5' 

-  ,90 

.018 

.9.3 

1.69 

5C0 

jC 

5 ' 

-  .90 

,018 

9 'J  6 

1.59 

600 

2<j 

r>' 

-  .90 

.018 

,9.-> 

i.G9 

?08 

1® 

4» 

-  .90 

.017 

.9£ 

1.67 

1330 

jO 

.S» 

-  ,88 

.017 

.90 

1.64 

Cireuit  v^III, 
AlJfJLT  "ERRORS. 


h 

& 

P.  F, 

-.9 

P.F. 

1 

P.F, 
.9 

P.P. 
.75 

100 

1«  5^' 

-1.53 

.06 

i.es 

2,94 

200 

1*"  10' 

-  ,'^': 

.08i 

l.no 

1.63 

300 

57' 

-  .8C 

.014 

.61 

1,49 

.400 

54 1 

-  .70 

.018 

.77 

1.41 

500 

54  • 

-  ,76 

.018 

.77 

1.41 

600 

54' 

-  .76 

.018 

•  77 

1.41 

708 

5.5 « 

-  .74 

.012 

.75 

1.38 

828 

52' 

-  ,76 

.01 

.74 

i.36 

1256 

51' 

-    .71 

.01 

.72 

1.34 

1466 

50» 

-  .*"' 

.01 

.71 

1.31 
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Circuit  -;'IV. 
AHGLK  EHRORS, 


^P 

ft 

P.F. 

4.$ 

P.F. 
1 

p.r. 

.9 

P.F. 
.75 

100 

1° 

40' 

-1.73 

.042 

1.45 

2.62 

£00 

1° 

oO' 

-1.11 

.027 

1.14 

-.17 

300 

jO 

10' 

-    .97 

.021 

1.00 

1.8.3 

400 

^o 

?« 

-    ,93 

.029 

.96 

1.75 

500 

jC 

7« 

-    .93 

.029 

.96 

1.75 

f>00 

1^ 

?♦ 

-    .93 

•Oao 

.96 

1.75 

708 

,o 

C» 

-    .92 

.018 

.':'4 

1.73 

?65 

1° 

5' 

-    .90 

.018 

.93 

:  .19 

1208 

,0 

■'•.» 

-    ,83 

.017 

.90 

l.o4 

1361 

,0 

il  • 

-    ,86 

.016 

.87 

1.61 
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Clreuit  #V. 


h 

« 

P.  ?. 

-.9 

P.F. 

1 

p.y. 

.0 

P.p. 

.75 

100 

3^ 

48' 

-2  .en 

i.oe 

3.al 

5,91 

£00 

2« 

^5' 

-i.^a 

.8£ 

2.12 

3.84 

300 

ii« 

8' 

-1.74 

.69 

1.85 

3.36 

400 

sO 

3» 

-i.fie 

.64 

1.V9 

6,ii6 

500 

oO 

1' 

-1.65 

.6iJ 

l.?6 

3.18 

600 

._->0 

0' 

-1  J-A 

.61 

l.?4 

3.15 

708 

2*^ 

0' 

-l,v^^ 

.61 

1.V4 

3.15 

?5£ 

X^ 

69» 

-1  .eii 

.60 

l-?.i 

•5.12 
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Oir«uit  #Z. 
RATIO  &  TOTAL  KRR0R8. 

Ratio       F.  ?.       P.   ?.       P.  F.       P.   ?, 


100 

-  ,7o 

-2.17 

-  ,68 

.89 

2.02 

200 

-1,33 

-2.37 

-1,30 

-  ,26 

-   .17 

300 

-1.60 

-2,44 

-1.74 

-  .75 

-   .Oi 

400 

-1.83 

-2.66 

-1 .75 

-1.05 

-   ..-i? 

600 

-1.66 

-2.63 

-1.45 

-1.08 

-   .42 

600 

-2.46 

-3,22 

-:^.35 

-1.69 

-  1.05 

708 

-2.76 

-3.50 

-C,75 

-2.01 

-1.38 

ia65 

-4.£f^ 

-4.99 

-4.fi8 

-3.53 

-2.94 

1440 

-4.81 

-5.47 

-4.80 

-4.15 

-3,56 
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Oir«mit   "tt 
RATIO  &  TOTAL  IRRORS. 


h 

Reitlo 

Irror 

P.   ?. 

-.9 

p.  r. 

1 

P.  y. 

.9 

P.  F. 

.76 

100 

',1 ,52 

2.34 

C.53 

3.86 

4.95 

200 

±•86 

,95 

1.89 

8.98 

3.90 

300 

1.46 

.49 

1.48 

8.46 

3.89 

400 

1.13 

.Si 

1.15 

2.06 

2.88 

600 

1.03 

.13 

1.04 

1.96 

8.78 

600 

1.00 

.10 

1.01' 

1.93 

2.69 

708 

1.00 

.10 

1.02 

1.98 

8.67 

ir>30 

.90 

.Ofi 

.9ii 

1.80 

2.54 
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Circuit  *III, 
RAJXO  A  TOTiiL  KRRORS. 


h 

Patio 
flrror 

P.  r. 

-.9 

P.   P. 

1 

P.   7. 

«9 

P.   F. 
.75 

100 

s.sr 

.73 

£.42 

4.99 

6.30 

EOO 

la? 

,20 

1.19 

£.17 

3.00 

300 

0.00 

-    .80 

.01 

.61 

1.49 

400 

-    .50 

-i.oe 

-    .'^9 

.47 

1.11 

500 

-    .36 

-1.12 

-    ..^5 

.U 

1.06 

600 

-    .57 

-1,33 

-    ,56 

.CO 

.84 

?08 

-    .66 

-1.40 

-    ,G5 

.09 

.78 

8P.8 

-    .43 

-1.16 

-    Aii 

.31 

.92 

1256 

-1.16 

-1.87 

-1.15 

-    .44 

.18 

1466 

-1.40 

-i-..10 

-1.39 

-    .69 

-    .09 
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Cireuit  #IV. 
RATIO  &:   TOTAE.  ERROR. 


h 

Ratio 
Error 

P.    F. 

-.9 

P.    F. 

1 

p.    F. 
.9 

P.    P, 
.75 

100 

7,3 

6.93 

7.34 

8.75 

9,98 

i200 

5.15 

4.04 

5.18 

6.2a 

7.42 

300 

3.76 

a. 79 

3,79 

4.76 

5.59 

-iOO 

3.05 

2.12 

3.08 

4.01 

4.80 

500 

2.56 

1.63 

2.58 

3.52 

4.31 

600 

2.20 

l.i? 

2.28 

3.16 

3.95 

708 

1.91 

.93 

1.92 

2.84 

3,63 

765 

1.73 

.83 

1.75 

2.66 

3.42 

1208 

l.BO 

,38 

i.py 

2.10 

2.84 

1361 

1.10 

•  24 

1.12 

1.07 

2.41 
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Circuit  #V. 
RATIO  &  TOTAL  ERROR. 


h 

Ratio 
Error 

P.P. 

-.9 

F.T. 

1 

P.    T. 

.9 

P.   F. 

.75 

100 

7.35 

4.45 

9.43 

10. Co 

13  .26 

fiOO 

6.50 

4.54 

7,39 

8.(32 

10.34 

300 

5. as 

4.14 

6.57 

7,74 

9.24 

400 

5.36 

3.63 

6.00 

7.15 

6.59 

500 

4.95 

3.30 

5.5? 

6.71 

e.i3 

600 

4.67 

3.03 

5.;H5 

6.41 

7.82 

708 

4.42 

£.70 

5.03 

6.16 

7,57 

752 

4.35 

2.71 

4,9.S 

6,06 

7.45 
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TOTAL  ERRORS  FOR  DIFFERENT  PO^^^ER  FACTORS, 


Cir.  I.  P.   F.  P.   F.  ?.   F.  P.  7,  P.  P. 

*"  .10  .£5  .50             .75  .90 

I  100  .'•O.Se  7.59  3.08          £.C£  .89 

I  500  £C,5G  4.S2  .92  -    .48  -1.08 

I  1000  li0.03  .o3  -    .f)?  -1,89  -L.51 

II  100  37.9P  12.70  ?.£6  4.98  3.86 
II  500  c6.9S  8.23  4.33  P..78  1.96 
II  1000  21.94  7,03  3.75  2.39  1.74 

III  100  34.05  11,28  6.4-  5.30  4.99 

III  500  l-;4.95  5.04  2.48  1.05  .41 

III  1000  CL.SS  4.83  -    .26  -    .47  -    .25 

IV  100  t4,8  28.46  12.38           9.92  8.75 

IV  .'JOO  30.48  10.00  5.96          4,31  3,42 

IV  1000  2B.f^5  3.58  4.7'6           2. IS  2.48 

V  100  80.30  32.43  16.67  13. 2G  10.66 

V  500  48.55  13.51  H  .11           li  ,16  G.Vl 

V  1000  46.3.^  17. PO  10.10           7.12  5.69 
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'OTAT,  ERRORS  FOR  DIFPERERT  PO'TSR  FACTORS. 


Cir. 

h 

P.   F. 

1 

P.   F. 

-.9 

P.    F. 

-.75 

P.    ?. 
-.5o 

P.   F. 

-  .25 

ioo 

-    .68 

-2.17 

-2.54 

-4,47 

-   9.29 

500 

-1.75 

-2.36 

-3.34 

-4.60 

-   8.18 

1000 

-6,P.2> 

-3.97 

-.S.85 

-5.79 

-   9.13 

II 

ICO 

i:.53 

£.34 

.20 

-2.12 

-   8.04 

TI 

500 

1.04 

.13 

-    .51 

-e.?i 

-   6.41 

II 

1000 

.97 

.12 

-    .43 

-2.69 

-5.37 

III 

100 

fc.4£ 

.73 

.36 

-l.c4 

-6.76 

III 

600 

.65 

-1.12 

-1.80 

-4  .26 

-7.00 

III 

ia-0 

-    .37 

-1.62 

-2  .f  1 

-2.49 

-   6.89 

IV 

100 

7.34 

6.93 

4.86 

2.32 

-   2.86 

IV 

.■^00 

:i.58 

l.fiS 

,88 

.80 

-  3.12 

IV 

1000 

1.58 

.42 

-.10 

-1  .19 

-   5.82 

3  00 

9.43 

4.45 

i.av 

-3.09 

-1*.57 

S'^O 

5  .57 

3.30 

1.95 

-1.09 

-   8,73 

1000 

4.24 

5.62 

1.42 

-1.58 

-   7.96 
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COMCLUSICN.** 


TJie  secondary  circuits  usai,  'nsr&   as  ne&r 
ae  possible  equivalent  to  those  used  in  orain- 
ary  practice.  Circuit  ni   consists  simjly  of 
atn  asanetcr  and  very  short  lei^da  while  Circuit 
^3  h&a  b  relttj  added.  Circuit  ii2   consisted 
of  two  ftamet&r»,  Z   wattaeters,  ana  &  rosls- 
tanoe  equivalent  to  200  ft  of  #14  B  &  S  wire. 
Circuit  '^4  WU8  tho  same  as  #F.  with  a  relay- 
added  smd  could  be  considered  as  equal  to  the 
circuits  generally  found  in  practice.  Circuit 
#6  oonoiets  of  t»  vary  higli  inductance. 

Of  tne  ourvGs  obtAinadj- 
Plates  III  to  VII  ohow  the  angles,  ratios, 
and  secondary  currents  for  different  loadi* 
for  the  ufcfferont  cJ.rc\iita. 
Plates  VIII  bhcws  the  ratio  errors , 
Pluteu  rx  to  xn  show  the  ui;gle  errors  with 
the  different  loads  for  the  uifferent  cir- 
cuits ana  for  different  powaif&ctcra. 
Plates  XIII  to  XVI  tihow  tue  total  errors  with 
different  loads  for  tne  different  circuits 
ana  for  aifferent  po*«*'  factors. 
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-ex- 
piate XVII  to  XXI  3L0W  tx.s  effects  of  varying 

tlie  power  factor  on  tiie  total  error  for 

the  different  circuits. 
Plates  XXV  to  XXXTV  shovB   oscillograj.':©  taken 

in  the  prisiary  sua  secondary  circuits  for 

different  secondary  circuits  i.na  ^ifforent 

loads. 

Froir.  a  study  otf  the  curves  it  is  seen  tLat 
the  ratio  and  size  of  the  axii;le  error  depends 
not  30  tjiuch  en  the  rsr.istance  and  j-eactance 
of  the  secondary  circuits  ae  on  the  couiTjine-t- 
ion  of  then  or  the  impudiace.  Thus  in  Circuit 
#5  which  is  coBiposed  nearly  entirely  of  induc- 
tance (X  -  18.92  and  R  -  .1^4)  a  resistance 
as  high  as  two  ohms  was  placed  in  the  circuit 
without  altering  the  results  appreciably  while 
in  circuit  #S  nhece   tiie  inductance  ana  the 
rWM  .nee  are  nearly  equal  (X  -  1.90<J  and  R  - 

a  sn  i.11  change  in  either  tiie  inductance 
or  the  r*i©tance  was  easily  noticable  in   tne 
results.  This  is  seen  in  tne  difftjrence  bet- 
ween curvea  of  Circuits  II  and  IV  '^t^ere   the 
resistances  are  nearly  the  sacie  but  the  in- 
ductance of  IV  is  larger  (being  X  -  5  .t:6  & 


-  i2  - 
T   -  1.9)  tiian  tiiat  of  II.   It  ia  seen   tjaat 
the  iingle  error  of  IV  ia,  at  1000  ttOi-erea 
priiTiary  current,  1^  5'  waile  that  of  II  ia 
lOj  THiie  tiie  ratio  of  IV  is  ^0.5  arm  that 
of  II  30. £. 

The  effect  of  a  change  of  resiotance  j»hen 
the  inductance  is  constant  is  shown  by  Cir- 
cuits #2  4  i*3,  miore   X  -  1.9  and  1,62.   respeo- 
tlvelly  anti  R  -  .:,2  and  .06  oi^uta.  The  ratios 
Sire   30.2  and  S9.7  and  the  angle  errors  1°  una 
50*  respectiTclly  vith  primary  currents  of 
1000  amperes , 

The  ratio  errors  are  shown  better  on  Plate 
VI TT  where  it  ia  seen  that  Circuit  ^-4  having 
greater  inductance  and  asa.e  reaiatcince  as  Cir- 
cuit #2  has  a  greater  ratio  error,  *hile  Cir- 
cuit #8  having  e-iual  inductance  but  greater 
resistance  that  Circuit  '.'3  has  a  positive 
ratio  error  cxnci  ^3  a  negative  one.   This  also 
shows  that  the  transfoniier  was  designed  for 
circuits  sidiilar  to  #2  and  fjZ, 

The  saiTie  is  shown  by  Plates  IV  to  XII  as 
regards  to  the  angle  error.  V'itn  regards  to 
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the   totfel  error  we  have  the  same  general 
effect,  but  with  different  jjower  factors, 
the  angle  errurs  chjinge  froi'i  posit ivv3  to 
negative  and  is  thus  for  lagging;;  currents 
auded  to,  and  for  leading  currents  subtrac- 
ted froir  the  ratio  error, 

FroE.  the  above  th-j  conclusion  is  drawii 
that  the  errors,  both  ratio  and  angle,  de- 
pend upon  the  total  impedance  of  thsi  sec- 
ondary circuit,  ana  not  so  rr.uch  upon  its 
component  parte;  ie,  resistance  and  induct- 
ance. Thus  a  ciiaji£,e  in  the  lart:e3t  compoH- 
nent  greatly  effects  the  accuracy  in  as  much 
as  it  effects  the  value  of  the  impedance 
while  a  change  in  the  smaller  cccr.ponent  does 
not  effect  the  results  so  inuch  as  it  does 
not  alter  the  iiHi.ediance  much. 

It  is  interesting  to  study  Plates  XVTI 
to  7X1  where  tne  total  errors  for  uifferent 
power  factors  are  ulotted  for  tiie  different 
circuits.   As  the  power  factor  of  a  station 
Is  {ionerally  from  .75  to  1  with  a  lagging 
current  tbe  errors  between  tnese  values  will 
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be  eonsidcjiett,  ^ith  circuit  #1  wi  ere  Z  - 
.165  oror.s  tne  error  bstaeen  tneae  t'«o  points 
uoea  not  exceed  1.5^.,  In  circuit  #3  witli  Z- 
1.83  oi"ans  tlie  error  becoir.es  tvH  large  as  2,2 
f,    with  100  ami3r33  while  for  1*^00  sjiiperes  it 
is  practically  tne  aame.  In  circuit  -^8,  Z  - 
r>,89  ohais,  the  error  is  increanoa  to  3»5  for 
loo  ciffiperes.  It  will  also  be  noted  that  the 
curves  are  practically  the  sanie  as  those  con- 
sidered but  the  errors  have  all  beeoae  pos- 
itive.  Circuit  '4,  Z  -  C.96  ohcis,  the  errors 
have  becon.e  larger  a.iid  positive,  that  for 
loo  amperes  being  aa  high  as  10  ?^  while  those 
for  1000  axr.p  res  are  still  within  3  f ,  In 
circuit  ^^5,  Z  -  18.92,  we  have  still  g^reater 
errorti  between  these  liruits.  This,  iiowever, 
is  a  distort ea  concition,  as  tlie  secondary 
or  instruEiont  circuit  would  never  have  an 
impedance  aa  high  as  this,  but  it  itj  inter- 
esting to  note  that  with  low  power  factors 
the  errors  becou.e  exceedingly  high  running 
up  to  80  ')■    in  ftivour  of  the  con3un<er  on  the 

light  lou.;ii. 
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From  the  curvea  it  is  seen  that?- 

(1)  Increasing  the  impedance  the  error  is 
increased,  positively. 

(2)  ^itlii  low  powerfactcrs  b.na   leading  cur- 
rent the  error  is  negative  and  with 
low  po»er  factora  lag^^.ing  currents  the 
error  ia  lar^e  in  a  positive  tlireotion. 

(S)     That  tne  sraiiller  the  load  the  greater 
the  error  in  a  positive  direction. 

Tliile  running  the  taats  we  took  oscillo- 
grams of  the  primary  and  seconaary  currents 
for  the  different  circuits  and  different 
loads.  The  wave  shape  of  the  primary  cir- 
cuits does  not  vary  much  for  the  different 
circuits  but  on  the  secondary  side  tne  wave 
is  Biore  peaked  with  the  lo?/er  impediar;ce3 . 
This  J  a  probatlv  due  to  tne  inductance. 
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